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SUMMARY

automaticpilotinvestigatedoperateson a nonlinesrprin-
thefrontlashprinciple,wherebya deadspotisincorporated

i.r-theservomotorfeedbacklinkageto obtain& effectiveratesignalby
reducingthephaselagoftheservomotor.By applicationofthefront-
lashprinciple,theservomotorfeedbacklinkageimprovestheservomotor
phaseresponseina mannersimilartothatwhichwouldbe obtainedwith
theuseofa rategyroscope.However,theservomotortravelresulting
froma givenposition-gyroscopedisplacementisdecreasedwhenthefront-
lashfeedbacklinkageisused.Althoughthepresentapplicationwasfor
a rollautomaticpilot,itsapplicationto othercontrolsystemsappesrs
feasible.

Theresultsofthisinvestigationindicatethatthefrontlashauto-
maticpilothaspromiseasa pilotless-aircraftstabilizationsystem.
Laboratorytestsofthesystemconductedona rollsimulatorshowthat,
ina certainrangeof simulatedaerodynamicparameters,thenonlinesr
frontlashautomaticpilothasa higherdegreeof stabilitythana com-
parablelinesrsystem.However,thetransitionfroma stableto an
unstableautopilot-aircraftcombinationappearstobe morerapidwith
thenonlinearsystem.Theresultsand
theroll-simulatortestsindicatethat
linesrmethodsoftheoreticalanalysis
components.“

As partofthegeneral
ofautomaticstabilization,

applicationsincotiectionwith
theresrelimitationsinapplying
to systemshavingnotiear

INTRODUCTION

researchprogramfortestingvsriousmeans
thePilotlessMrcraftResearchDivisionof

theLangleyAeronauticalL.&boratoryhasbeenconductingan investigation
ofvsriousautopilotsystems.Sincethisgeneralresearchprogramis
notlimitedto linesrsystems,anautopilotwasdesignedto operateon

%upersedesdeclassifiedNACARML9F15a.
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2 NACATN 3602

a nonlinearprinciple,termedthefrontlashprinciple,whichemploysa
deadspotinthefeedbacklinkagebetweentheservomotorandthegyroscope
basereferenceasa meansofobtaininga leadingcontrolsignal.The
designoftheautopilotisbasedonreference1 andthepurposeofthis
investigationistodeterminetheeffectoffrontlashonthesmplitude
andphaseresponsesofthesystem.Roll-simulatortestsofthefrontlash
autopilotwerealsoconductedintheInstrumentResearchDivisionofthe
LangleyAeron’atiicalLaboratoryinorderto confirmthepossibilityof
stabilizationofpilotlessaircraftwiththistypeofautomaticpilot,
andanattempttobrackettheuseablerangeofthisautopilothasbeen
madebyplottingthedegreeof stabilityasa functionoftheaerodynamic
parameters..

SYMEms

servomotormovement,in.

oscillating-tabledisplacement,deg

: 3n./degcontrol-smplituderatio,K = —,

phaseangle,deg(positivevalueindicateslead

angularfrequencyof oscillation,radians/see

totalailerondisplacement,deg

angleofroll-simulatordisplacement,deg

rolJingangularvelocity,d$/dt,radians/see

of 5 aheadofEl)

rollingmomentdueto ailerondeflection,bL/&5a,ft-lb/radian/sec

dampingmomentduetorollingvelocity,3L/~, ft-lb/radian

momentof inertiaaboutlongitudinalbodyaxis,slug-ft2

stabilitycoefficient,a measureofdegreeof stabilityasdefined
inreference2. (Valueofthiscoefficientisunityfora highly
damped(dead-beat)oscillation, zerofora steady-stateoscilla-
tion,andnegativeforw unstableoscillation.”Insetinfig.14
showsmethodusedto evaluatestabilitycoefficient.)

amplitudepeaksintramsientresponseusedindefiningstability
coefficient(fig.14)

rollingmoment,ft-lb

time, sec

— —
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APPARA!PUS

Autopilot

Thefrontlashautopilotsystemusedinthisinvestigationconsists
ofthetwo-gbnbalah-drivendisplacementgyroscopefroma GermanV-1
autopilotanda Jack& Iietitzpneumaticservomotor(here=ter tobe
referredto asservo).

Thesystemoperatesasfollows:b thecaseofan airfrsmebeing
displacedaboutthe~o ads, anairjet,whichis linkedto theouter
gimbalofthe~oscope bymeansofa cam,is directedtowardseither
oftwopickoff holes,whichareconnectedtoa O.025-inchphosphor-
bronzedia@ra@ byrubbertubes.Thisdiayhragmislinkedtothe
slidevalveontheservoinsucha mannerthata differentialpressure
onthediapbra~actuatestheslhl.evalvewhich,@ turn,causesmove-
mentoftheservoyistonforcorrectivecontrol.A blockdiagramof
theautopilotsystemIsshownh figure1. Theautopilotalsoutilizes
a mechanicalfeedbacklinkagebetweentheservopistonandthejet
yickoffs,whicharecayableofWear nmvementintheplaneof jet ,

.. rotation,asa meansofeffectivelychangingthe~o basereference.
Deadsyotforobtaininga leadingcontrolsigmlwasincqoratedh

. thisfeetlhackIlnkagebytwomethodsandtheresultsoftestson each
u wereanalyzed.

Thefirstmethodofbuildingdeadspottitothesystemis shown~
figure2(a),wherea deadspotof0.021inchisobtainedby employinga
stiplelooselhk, andthestaticvariationof servopositionwith
oscillating-tabletis@acementfora systemofthiswe is shownin
figure2(b). Thesecondmethodutillzeda tsnsion-ccmqmessions@ng
andadjustablestoysto obtaindeadspoth thefeedbacklinkage,as
shownh figures(a). TherelationbetweenservoTositionand
oscillating-tabledisplacementforthesprtigsystemunderstatic
conditionsisshownasa @.otof 8 againstf3 infigures(b).
Althou@thecurvescontainedinfigures2(b)ands(b)showthestatic
relationbetween8 and 19,Ufferentrelationsareobtainedunder
dynamicconditions.I?hoto~a@softhetwo
areshownh figure4.

Equipment

frontlmhautopilotsystem

An oscillatingtablecapableofproducingsinusoidaloscillations
upto 5 cyclesyersecondandtithamylltudeadjuManentsu~to*15°was
usedto obtaindatafortheamp13tude- andphase-responsetests●
Positionrecorderswereattachedtothetableandtotheservoinorder
torecordtablemtion andservo~ositionasfunctionsoftime.

—
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Anelectro-mechanicalrollsimulatorwasusedto appro-te the
valueofthefrontlashautopilotasa meansofpilotless-aircraft
atabilizatlon● Withthishstrumentitispossibleto estimatethe
wbabilitycharacteristicsofanautopild.+aircraftcombinationinroll.
Theautomaticpilotismountedina cradlewhichshulAes theconibined
behaviorofanaircraftandautomaticpilottienactedonby syecific
valuesofthefollowingaerodynamicpmmeters:

L8a rollhgmment dueto ailerondeflection

Y d.ampingmomentduetorollingvelacity

Ix mcmmntof inertiaaboutthelongitudinalbodyaxis

RESUXI!SANDDISCUSSION

l?reMm3naryConsiderations

2reliminntestswereconducted
followingcomponentsontheamplitude
pilotsystem:

to detendnetheeffectofthe
andyhaseXesponsesoftheauto-

Jet-pressuresetting.-ThemagcdtudeoftheJetyreseureis
limitedbecausetooM@ a jetpressurecausesa high-frequencyservo
huntingoscillationatzerogyroscoyereferenceattit~. However,if
theJetpressureiatoolow,theservopistontravel,whichvarieswith
themagnitudeofthejetyressure,willnotbe sufficienttomovethe
feedbackHnkagethroughthedeadspotat lowvaluesoftable-
oscillationaqilitude$Duringthisconditiontheleadsenseofthe
systemis ineffectivebecausethejetpickoffsdonotmove. It seem
desirabletohavethejetpressurehighenou@tomaketheamp~tudeof
tableoscillationatwhichthefrontl.ashIsnoteffectiveintheorder
of*lo. On thisbasis,thejet-pressuresettingsobtatiedforthis
tivestigationwere3.5psifortheloose-linksystem‘and3 psiforthe
springsystem.I?igure5 showsthevariationintheloose-link-system
servoresponsebetweena jetpressureof1.5and3.5psi. Althoughthe
res~onseismoreerratic,thehigherjetyressureisdesirablebecause
theservomotionaypearsto leadthetablemotionat 3.5psi.

Dead-slotsize.- A M_@-frequencyhunttigoscillationat zero
~oscope referenceattitudealsoresultsfromtoogreata deadsyot.
However,inorderto getthemaximumeffectfromthedeadspot,itis
destiablethatitbe as largeaspossible.Usingthevaluesof jet
pressure(3.5and3 psi)givenintheprecetigparagraph,thesizesof
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deadsyotatwhichthishigh-frequencyoscillationstarted
were0.03(M.005)and0.025(@.005)inchfortheloose-linkend
springsystem,respectively.

Bell-crankyivotpoint.-Thehell-crankyivot~ointcanbevaried
bymovtigthepivotbolttothedifferentholesh thebellcrankwhich
canbe seeninfigure4. Therangeofpivotratiosinvestigatedwas
asfollows:

Ikose-lhksystem.. . . . . . . . . . . . . . . . . . . .3.86to 14.9
Springsystem. . . . . . . . . . . . . .**..*.** .2.88tog.33

However,theyositionofthepivotpointintheserangesdidnotseem
to affecttheresponseoftheservototheextentthatitwasaffected
by thejetpressureandt.hedead-syotsize.

Jet-piclmffdamping.-Somechqxingwasimposedonthejet-~ickoff
motionbyusinganadjustablespringpressuretoproducea variable
amountoffrictionontheblockcontainingtheYickoffholes.This
amangementmadeitpossibleto uselargerdeadspotsandjetpressures.

Theresultsoftheprelhinaryinvestigationontheforegoing
componentsindicatedthatthecombinationofa deadsyotof0.021inch
witha jet~ressureof3.5psifortheloose-13nksystmanda dead
spotof0.016inchwitha jetpressureof3 psiforthespringsystem
wouldyieldthebestautopilotreeponsecluxracteristicsandtherefore
thesevalueswereusedfortheamplitude-andphase-responseanalyses.
Thepositionofthebell-crankpivotpoint,whichcorrespondedmost
favorablywiththesevalues,isshowninfigures2(a)and3(a).

AutopilotAmyMtudeand~haseResponse

Theamplltude-andphase-responsecurveswereobtainedfroma
graphicalanalysisoftheoscillating-tablerecords,wherebytheservo
motionisa~proxbnatedby anequivalentsinewave,asdefinedinrefer-
ence3. Usingthismethod,theamylitudeandphaseresponseswere
measuredfortable-oscillationfrequenciesofO to 5 cyclespersecond
andfora rangeoftable-oscillationampM_tudesofkl”to *no.

TheGermanV-ldisplacement.gyroscopewasfirsttestedwithout
deadspotby Msconnectingtheservofeedbacklinkageandfixingthe
yositionofthejet-pickoffblock.Figure6 givestheresponseofthe
autopilotsystemwithoutdeadspottotable-oscillationamplitudes
of %.ll”and*7.34°witha jetpressureof3.5psi. Theresponse
curvescontainedinthisfigurewillserveasa caqmrativebasisfor

. . ..—_ .-_.. .._ .. . .. ___ _____ ___ ._ ._
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.

theresultsofthetestsuEingdeadslotinthefee&backlinkage
fromtheservotothejetyickoffs. .’

Ioose-ltnksystem.- Theaq~tude andphaseresyonsesoftheloose-
ldnksystemwitha deadspotof0.021inchanda jetpressureof3.5psi
&e presentedinfigwe 7 for-therangeoftableamplitudesandfre-
quencies.It canbe seenthat,exceptforanam~~tudeof+1.21°where
theservo@avel isnotsufficienttomovethefeedback13nkagethrough
thedeadspot,thephaseresponsehasimprovedtotheextentthatthe
servomotion‘leadsthetablemotionatthelowerfrequencies,andat
approxhnately5 cyclespersecondtheservolagisintheorderof10°
orlessascomparedto a Lagof50°or60°atthecorrespondingfre-
quencytitiouttheloosellnk,f.igwe6. AR examinationofthecontrol-
amplitude-ratiocurvesinfigue 7 inticatesthata decreaseinservo
effectivenessaccmqtiestheuseoftheloose-ldnksystem.It WSS
alsonotedthattheuseofthistypeoffeedbacklinkagerestrictedthe
servomovementto a certainmzdnnzmdisplacement,depen~g onthejet-
pressuresetttig.I?ora jetpressureof3.5psi,theservomovementwas
Mmitedtoaypro-tely 60percentofitsmadmmmthrowregardlessof
theoscillating-tableamp~tudeorfrequency.“

springsystem.-Theuseofa springandadjustablestopsinthe
-ge frantheservotothejetpickoff~wasdevisedasa meansof
al.lowingtheservomotionto conttiuesfterthe~etyickoffshavemoved u’
throughthedeadspot.Thisarrangementmadeitpossibletoobtainfuld.
servotravelatextremeoscillating-tableamplitudes.Theampldtudeand
phaseresyonsesofthissystemwitha deadspotof0.016inchanda jet
pressureof3 IMiarepresentedinfigure8 fortherangeoftable
elnp~tudesandfrequencies.TheampMtude-res~onsecurvesindicatethat
theservoeffectivenessisabotithesameasfortheloose-linksystam,
althougha somewhatsmallerjetpressurewasused.

ih.general,thespring-systemphaseresponseshowsconsiderable
~ovement overa systemwithoutdeadspot,althou@itisnotquite
asmuchasthatobtatiedwiththeloose-ldnksystem.At anamplitude
of fi.18°,however,thephaseresponsedoesnotappearto dropoffas
sharplyasatthecorrespontigampldtudewiththeloose-lhksystem.
h explanationforthisisthat,althou@theservomotionisnot
sufficienttomovethefeedbackMnkagethrou@thedeadspotatth3.s
lowampMtude,thereissomefollow-upmotionofthejetpickoffsdue
to thetension-compressionspringlinkbetweenthebellcrankandthe
pickoffblock.

Thephase-responsecurveatanamp~tudeof=.~” showsleadin
theorderof~“ to ~“ atthe.higherfrequencies.A rigorousexplana-
tionforthisresultisnotknownbecausethesystemisnonlinear.
However,thepictorialrepresentationoftypicalresponsecurvesatan

—. -—— —— —.



NACATN 3602 7

amylitudeofe .g20, presentedinfigure9, showsthatata lowfre-
quencytheservoresponseisnonsinusoidalandbecomessmoothersmdloses
itsleggingcomponentasthefrequencyincreases.

A presentationofthetypeofresponseobtainedfora table-
oscillatingfrequencyof2 cyclesyersecondusingthesprtigsystemis
giventifigure10. Thecurvesofthisfigureshowtypicalexsm@esof
thenonsinusoidalservoresponseobtainedbecauseofthenonlinearities
ofthi~Syetem.However,atam@Ltudesabovek3°,exceptfora slight
reversalof servopistontravelcausedbythemovementofthejet
pickoffs,theservores~onseap~earstobepro~ortionalto andapproxi-
matelyinphasewiththeoscillating-tablemotion.

Roll-StiulatorTests

Thetestsetupfortheroll-simulatortestsis showninfigureIl.
Wit~theuseofthisequipnentitispossibleto shulatetheaero-
dynamicderivativesandrecordtheclosed-looptransientresponseofan
aircraft-autopilotcombinationto a disturbanceinroll.

Roll-shnulatorte6tswereconductedonthesprtig-systemautopilot
inorderto detendneitsvalueasa yossiblemeansofyilotless-
aticraftstabi~zation.Thepreferenceforthesyring-systemautopilot
inthesetestswasmaidy duetotheMmit setonthemaximumservo
displacementwhentheloose-Mnksystemwasused.Thevaluesofthe
aerodynamicparametersusedforsettingtheroll-simulatorconstants
intheinitialphaseofthistivestigationwereasfollows:

L~, foot-youndsperradian. . . . . . . . . . . . . . . . . . . . 407
i+,foot-poundsperratianpersecond. . . . . . . . . . . ...-37.67
~,slug-feet2 . . . . . . . . . . . . . . . . . . . . . . . ...6.95

Thesevalueswereobtainedfromthewind-tunneldataatMachnumber0.6
forthetestvehicleofreference4.

A frequency-responseanalysisofthespring-systemautopilotfor
oscillating-tableamplitudesof*1.18°,M. 92°,and*6.82°,basedonthe
foregotigvaluesof L~a,~, ~d 1X andtheassumptionthat~ inchof

servotravelisequivalentto20°totalailerondeflection,ispresented
intheformofNyquistdiagramsinfigure12. TheNyqulstmethodof
frequency-responseanalysisandthecriterionsforstabilltyareout-
linedinrefer~ces5 end6. An examinationoftheNyquistplots
indicatesthatanunstableoscillationshouldoccurbetweenanamp~tude
of 9.92°andfi.18°becauseneutralstabi~tyetistsat approxi-
mately&. 92°,andat*1.1~ theNyquistcurveenclosesthecritical

. . . .— ————. ..+—..__ ___ _ _______ ——.-—— .
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yotllt(-1,-la”). However,theresultsoftheroll-sWulatortests
employingthesesameconditionsdidnothllcatethatanunstable
oscilMtionetistedbutthattheresyonseoftheautoyilot-aircraft
conibinationto a disturbanceInrollwashighlydamped.A possible
explanationforthediscrepancyintheresultsofthetwomethodsof
analysisisthatthemethodofevaluatingtheoscillating-tabledata,
whichisbasedonapproximatingtheservoresponsewithen equivalent
sinewave,maynotbevalidwhentheservoresponsediffersfroma sine
wavetotheextentthatitdoeswiththespring-systemautopilotatan
oscillating-tableamplitudeofapproxbnately*3°. Theseresultsgive.
an indicationofwhatcanbe expectedwhenusinga ldnearmethodof
analysissuchastheNyqtistmethodfora nonlinearsystem.

Furtherroll-simulatortestswereconductedforothervalues
of L% amd I+ An examinationoftheresultsofthesetests,which
arepresentedh tableI, indicatesthattheautopilot-aircraftcombi-
nationtendstobecomeunstableasthevalueof L5a increasesoras
thevalueof ~ decreases;thus,therangeinwhichthefrontlash”
autopilotcouldbe usedasa possiblemeansofpilotless-aircraft
stabilizationislimited.At valuesof Lba= ~63 and ~ = -38,
thestabilityismar@nal,as isinticatedbythe low value(O.023)
ofthestabi~tycoefficient.Thetransientredponseofthesimulator
cra~ dampedto an erratic*1.5°oscillationafter3.4seconds.This
steady-stateosculationstoppedafter8.5secondshadelapsed,buta
slightoutsidedisturbancewmld causeitto continue.Thistypeof
instabilitywas predictedforan,Lba of407foot-poundsperradian,
basedontheNyqtistdiagrams,andtheprobablereasonforitsoccurring
atthehighervalueof Laa isexplainedintheprecedhgparagraph.

A cmuparisonofthecalculatedtransientresponseof a proportional
autopilothavinga control-geqringratioof2° totalailerondeflection
~erdegreeangleofbank(reference4)withtheresyonseofthespring-
systemautoyilotto a 10°displacementoftheroll-simulatorcradlej
whichgavea servodisplacementofapWox5mately~ inch,is @ven in

figure13● Comparingfigures13(a)and1.3(b)onthebasisofholding
thevalueof L~a constantwhilevaryingI@ inticatesthattheeffect
ofaerodynamicdampimgontheresponsetimeisnotaspronouncedwith
theuseofthefrontlashautopilat.Theprincipalreasonforthemore
rapidresponsethe atthehighervaluesof I@ withthenonlinear
autopibtisthattheservoreceivesa strongerirdtialsignaldueto
themovementofthejetpickoffs.It isalsoapparentthattheresponse
ofthefrontlashautopilotdoesnotbecomeasoscillatoryasthe
responseoftheproportionalautopilotwithdecreasing~ intherange
investigated.Comparingfigures13(a)and13(c)onthebasisof
increastigLba forthesam valueof I@ indicatesthatthe.
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nonllnearitiesofthefrontlashsystemhavemagdfiedtheamplttudeof
thetransientoscillations.

Figure14isa presentationoftheroll+mulatarresultsgiving
thedegreeof stabilityasa functionoftheaerodynamicparameters.
Thedbgreeof stabilityisdetemhedby evaluattigthestablUty-
coefficientequationshownasaninsetatthetipoffigure14. Lines
of co?stantvaluesof stabi~tycoefficientarepresentedasylots
of ~px aga~t Lb Ix.I Whenthevaluesofthesetworatiosare
known,it ispossibleso deteminethetypeoftransientresponseand
thedegreeof stabi~tythatwillle obtaineilwiththeuseofthefront-
lashautopilot.Theregionofhi@ valuesof L~/Ix to therightof
the SC= O -tie representsunstabledivergentresponse,a poh.t
fallingonornearthe SC= O linerepresentsneutralstability,the
regicmbetweenSC= O.3‘and SC= 1 representsstabletransient

‘response,andtheregiontotheleftof SC= 1 representsstablebut
overdampedtransientresponse.Fromthisfigureit canbe seenthat,
forthesamevalueof I@/Im stabiMzationofpilotlessaircraftwith
valuesof L8alIxabove130ismorechiticalwiththefrontlashairbo-
,pilotbecauseintheregionshounthereisa rapidtransitionfrcma
stableto enunstabletransientresyonsedueto an ticreasein Lba/Ix.
TheaccuracyoftheupperportionoftheMnes of constantstability
coefficientisMmitedbecausetheelectricaloutputoftheroll
simulatorbecomesnonltaearh thisrange,thuscausingincreased
tiaccuraciesin sh.ibtionoftheaero~amj.cparameters.Theover-au
accuracyoftheroll-simulatorresultsisesttited.tobe within
20percent.

COIVCUJSIOIW3

Thetwo
operateona

automatic-pilotsystemstestedh thisinvestigation
nonMnearprticiplewherebya deadspotis incorporatedin

theservomotorfeedbackMmkage. Theconclwio~~ved at aS a

resultofthetestsconductedontheseautomatic-pilotsystemsareas
follows:

Bothofthemethodsofayplying‘thefrontlashprincipleimprovethe
phaseresponseoftheservomotorina manners~lar tothatwhichwould
be obtainedwiththeuseofa rate~oscope. Ho~ver,tieseno~tor
travelresultingfroma given~oscope displacementis decreasedwhen
thefrontlashfeedbacklinkageisused.

Theresultsof
automaticpilothas

theroll-stiatortestsindicatethatthefrontlash
@mmiseasa pilotless-aticraftstabilization

.. —.._ . . .._. —____ ___ _. -——— ——— .—z —.
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system.In a certainrangeof stiulatedaero@mmicparameters,itis
shownthatthermnlinearfrontlashautomaticpilothasa higherdegree
of stalilitythana comparableWear system.However,thetransition
froma stableto anunstableautoyilot-aiqcraftcorfibinationappearsto
bemorerapidwiththenonlinearsystem.

Theresultsandapplicationsoftheroll-simulatorinvestigationalso
indicatethatthereisa needforstudyofthemethodsforhandlingnon-
linearcomponentsinanautomatic-pilotsystem.Althoughitmaybe useful,
theapplicationoflinearmethodsto systemshavingnonlinesrcomponents
willnotusuaC@givetheaccuracyrequiredfortheevaluationofanauto-
maticpilot.

LangleyAeronauticalLaboratory,
NationalAdvisoryCommitteeforAeronautics,

LangleyField,Va.,July7,1949.
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servo-J

(a)Schematicdlagramofservomotorandfeedbacklinkageto jetpickoffs
showinglooselhk containingdeadspot.

Figure2.- Loose-linksystem.
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(b)Schematicrepresentationofthestaticvariationof
positionwithosci12ating-tabledisplacementforthe
lhk Eyf3tem.

Figure2.-Concluded.
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(a)Schematicdiagramof servamotorfeedbackl-e
showingtension-ccxnpresshnspringendadjustable
eettingdeadspot.

Figure3.-Springsystem.
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(b)Schematicrepresentationofthestaticvsriationof servanotor
positionwithoscillating-tabledisplacementforthespring
system.

Figure3.-Concluded.
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(a)Looeellnkcontainingdeadspoth servomotorfeedbacklinkage.

L-60576

(b)Tension-cmnpresaionspringandadjustablestoTBIn servomotor
feedbacklinkage.

Figurek.-Oscillating-tableinMallationsofthetwo
frontla~autopilotsystems.
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Figure7.-Effectof vmying jet pressure on the response of the front-
lash autopilot to a table oscillation of +~ at approximately1.5cycles
per second with a dead spot of 0.021 inch in the jet-pickoff feedbackl
linkage.
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Figure6.- Amplitudeandphaseresponseofthefrontlashautopilotto “
table-oscillationamplitudesoft3.11°andf7.34°withfixedjet
pickoffsanda jetpressureof 3.5psi.
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Figure7.-Amplitudeand~haseresponseofthefrontlashautopilotto
veriousta%le-oscillationamplitudesus~ a deadspotofO.021inch
enda ~etpressureof3.5psi.
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Figure8.-Amplitudeandphaseresponseoffrontlashautopilotwithspring
in jet-pickofffeedbacklinl@etovarioustable-oscillationamplitudes
usinga deatlspotof0.016inchanda jetpressureof3 psi.
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Figure9.-Tne ofresponseo%tatied- frontlashautopilotwith
springinjet-pickofffeedbackllnkageatvariousfrequencies,
at a table-oscillationmplitudeof*2.920,jet pressure of3psi,
anddeadspotof0.016inoh.
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Figure10.-Typeofresponseobtainedfta frontlashautopilotwitha
sprtigh ~et-pickofffeedbacklinkageofvariousamplitudesof
tableoscillation,ata frequencyofapproximately2 cyclesper
second,jetpressureof3 psi,anddeadspotof0.016inch.
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Figure 11. - Rol.1-dmulator installation of the Erontlaah autopilot tith tensim-cql.gaslon apt%jg and ~~

adJuMable drops in the servomotor feeclbaokMn.kage.
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.gure12.- NyquistdiagrmwforlateralrolloscillationsoftI.180,
&.92°,andt6.&Olasedontestvehiclewitliaerodynamicderivatives I

* of L~a= 407ft-lb/radian,L? = -37.67ft-lb/radian/see,
and Ix= 6.95slug-ft2. I
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Figure13.- Comparisonofcalculatedtransientresponseofproportional
autopilotwiththeresponseofthespring-systemautopilotto
a 10°displacementoftheroll-simulatorcradle.Ix= 6.95a@pft2.
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Figure14.-Remlte of roll-simulator tests cm spfng-system autopilot giving the degee “ofstability
aa a funotlon of the aercdynemlo parameters.
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